Mediator proteins are required for transcriptional regulation of most genes in yeast. Mammalian Mediator homologs also function as transcriptional coactivators in vitro; however, their physiological role in gene-specific transcription is not yet known. To determine the role of Mediator proteins in the development of complex organisms, we purified putative Mediator complexes from Caenorhabditis elegans and analyzed their phenotypes in vivo. C. elegans Mediator homologs were assembled into two multiprotein complexes. RNA interference assays showed that the CeMed6, CeMed7, and CeMed10͞CeNut2 gene products are required for the expression of developmentally regulated genes, but are dispensable for expression of the ubiquitously expressed genes tested in this study. Therefore, the gene-specific function of Mediator as an integrator of transcriptional regulatory signals is evolutionarily conserved and is essential for C. elegans development.
I
n eukaryotic transcription, the direct interaction of a genespecific regulatory protein with the basal transcription machinery plays an important role in the transcriptional regulation of some genes (1, 2) . However, for a number of eukaryotic genes, transcriptional coactivator proteins are required to achieve precisely orchestrated gene expression (3, 4) . In particular, coactivators that are associated with the basal transcription machinery [for example, TATA-binding protein (TBP)-associated factors (TAFs) and Mediator complexes] are required to integrate diverse gene-specific regulatory signals at and to recruit basal transcription machinery to specific promoters. In addition, chromatin-remodeling complexes containing Swi2 homologs and͞or histone modification proteins are required for activated transcription from a chromatin template (5) (6) (7) .
Although coactivator proteins appear to be required for transcriptional regulation in general, functional characterizations of certain coactivators from higher eukaryotes have revealed unique and specific roles for these proteins in diverse developmental processes. For example, the TFIID complex is essential for transcriptional activation in a reconstituted system consisting of pure general transcription factors (8, 9) . Depletion or inactivation of TFIID-specific TAFs (TAF II ) from Saccharomyces cerevisiae affects the transcription of a subset of genes involved in cell cycle regulation (10, 11) . The distinct requirement for TAF II also was observed in Drosophila; mutations in the TAF II 110 and TAF II 60 subunits affect Dorsal-mediated transcriptional activation when a reduced amount of the Dorsal gene product is present (12) . The human and Drosophila counterparts of the yeast Swi͞Snf complex facilitate the binding of transcriptional activator proteins to nucleosomal templates in vitro (13, 14) , and mutations in Drosophila genes that encode subunits of these protein complexes affect cell proliferation (15) and peripheral nervous system development (16) . On the other hand, CBP-1, a histone acetyltransferase gene from Caenorhabditis elegans, plays a critical role in promoting nonneuronal somatic differentiation (17) . These distinct phenotypes of coactivator mutants suggest that individual coactivator proteins may regulate diverse, but specific developmental processes in higher eukaryotes.
Using activator-squelching assay (18) , the Mediator complex was first identified in yeast as a distinct intermediary molecule that mediates signal transfer between gene-specific transcriptional activator proteins and the basal transcription machinery. The yeast Mediator complex is tightly associated with RNA polymerase II (pol II) and enables pol II to respond to transcriptional activators in an in vitro system reconstituted with pure general transcription factors (19) . The yeast Mediator complex is composed of the Med proteins (Med1, Med2, Med4, Med6, Med8, Med9, Med10, and Med11), Gal11, Rgr1, Sin4, Hrs1, Rox3, and the Srb family of proteins (Srb2, Srb4, Srb5, Srb6, and Srb7) (for review, see ref.
3). These Mediator components assemble into several functional modules that regulate distinct groups of genes (20, 21) .
The search for homologous Mediator complexes in mammalian systems led to the identification of a human Srb͞Med-containing cofactor complex (SMCC) (22) , a negative regulator of activated transcription (NAT) complex (23) , and mouse and human Mediator complexes (24, 25) . In addition, purification of mammalian cofactors required for transcriptional activation identified homologs of yeast Mediator proteins that are components of the vitamin D-receptor interacting protein (DRIP) complex (26) , the activator-recruited cofactor (ARC) complex (27) , and the cofactor required for SP1 activation (CRSP) (28) . These complexes contain more than one yeast Mediator homolog and share several components, but their overall compositions are quite different from each other and from that of the yeast Mediator. Both SMCC and NAT negatively regulate TFIID-mediated transcriptional activation in vitro (22, 23) , and SMCC also was shown to mediate transcriptional activation in TAF-depleted nuclear extracts (29) . Therefore, these mammalian Mediator homologs function as both positive and negative regulators of transcription in vitro. However, experimental evidence confirming the physiological relevance of these Mediator complexes is lacking. In particular, the developmental, genespecific requirements of individual yeast Mediator homologs have not yet been deciphered.
With the completion of the C. elegans genome project, several homologs of yeast Mediator genes were identified in the C. elegans sequence database. To determine the physiological functions of these Mediator homologs and to elucidate the underlying mechanism by which these Mediator homologs regulate tran-scription in higher eukaryotes, we purified the putative C. elegans Mediator complexes and examined their mutant phenotypes with the use of an RNA interference (RNAi) assay. We present evidence that these Mediator homologs are present in two large, multiprotein complexes that appear to work together to regulate transcription. In addition, we show that the C. elegans Mediator homologs are required for transcriptional activation of developmentally regulated genes and dispensable for the transcription of constitutively expressed genes. Our genetic and biochemical data thus suggest that the function of Mediator as a coactivator for gene-specific transcriptional regulation is evolutionarily conserved and plays a key regulatory role in development. Plasmids and Antibodies. Lambda phages containing a CeMED6 cDNA and a CeMED7 cDNA were obtained from Y. Kohara (National Institute of Genetics, Japan), and the cDNA inserts were popped out to obtain pCM6-1 and pCM7-1, respectively. CeMED10͞CeNUT2 cDNA was amplified by using the PCR and the Barstead cDNA library with primers CM10F (5Ј-CCC GGA TCC ATA TGG TTC AGC AAC AGC AGC AAA GC-3Ј) and CM10R (5Ј-CCC CCA AGC TTT TAT GAT AAA TCG AGA TCT TCT CT-3Ј) and cloned into pBluescript KS(ϩ) (Stratagene) to make pCM10-1. The CeSRB7 partial cDNA was cloned by PCR amplification of genomic DNA by using primers CS7F (5Ј-CCC GGA TCC ATA TGG CTG ATC GAA TGA CCC AAC TA-3Ј) and CS7R (5Ј-CCC CCA AGC TTC TCA ATA TTT TTA GCG GCT TTT GC-3Ј) and cloned into pBluescript SK(ϩ) to make pCS7-1. The W03F9.5 ORF of C. elegans was identified as C. elegans TFIIB (CeTFIIB) on the basis of its sequence similarity to that of other species and was cloned by PCR amplification of genomic DNA by using primers TFIIB-3 (5Ј-AAT ACG ACT CAC TAT AGC GGC TCC AGT CCA GTG-3Ј) and TFIIB-4 (5Ј-ARR AAC CCT CAC TAA AGG ACG AAT TTC CCA AC-3Ј). All the clones generated were confirmed for the absence of a mutation by DNA sequencing. The CeMed7, CeMed10͞CeNut2, and CeSrb7 cDNAs were cloned into pRSET B (Invitrogen), pGEX 5X-1, and pGEX3 (Pharmacia), respectively, to make recombinant proteins for Ab generation. Polyclonal antibodies to each of the recombinant proteins containing the CeMed7, CeMed10͞CeNut2, and CeSrb7 sequences were raised in rats and affinity-purified as described by Harlow and Lane (30) .
Materials and Methods

Purification of C. elegans Mediator Complexes.
For biochemical analyses, we obtained 15 g of C. elegans embryos. For embryo harvest, we cultured 1,000 87-mm plates of nematode embryos to the gravid adult stage, washed the plates lightly with M9, and harvested with spreaders the embryos that remained on the plates. C. elegans embryo nuclear extracts were prepared as described previously (31) with slight modifications. All purification steps were carried out at 4°C, and all buffers contained 1 mM DTT͞10 M PMSF͞20 nM pepstatin A͞6 nM leupeptin͞20 M bis-benzamidine unless otherwise specified. Embryo nuclear extracts (19.5 mg of protein) were adjusted to a potassium acetate concentration of 60 mM by dilution with buffer A0 (50 mM Hepes-KOH, pH 7.6͞10% glycerol͞1 mM EDTA) and applied to a 5-ml heparin-Sepharose column equilibrated with buffer A60 (buffers labeled as An are identical to buffer A0, except that they contain n mM potassium acetate). The column was washed with buffer A60, and bound proteins were eluted first with buffer A300 and then with A600. Superose-6 chromatography was conducted with the SMART system (Pharmacia) by using buffer B500 (buffer Bn is identical to buffer An except that it contains 0.1 mM EDTA and 0.2 mM 2-mercaptoethanol instead of 1 mM DTT) according to the manufacturer's instructions. Mediator proteins were monitored throughout the purification by immunoblot analysis.
Immunoprecipitation. Anti-CeMed6 and anti-CeSrb7 Abs (100 g) were conjugated with protein G-agarose (Sigma) beads (100 l). The Ab beads (10 l) were mixed with either nuclear extracts (50 l; 157 g proteins) or heparin-Sepharose fractions [200 l; 45 g of protein from the CeMed6 peak fraction (H3) and 23 g of protein from the CeSrb7 peak fraction (H6)], and IP buffer (immunoprecipitation buffer; 20 mM Tris⅐Cl, pH 7.9͞10% glycerol͞100 mM potassium acetate͞0.1% Nonidet P-40͞0.1 mM EDTA) was added to a final volume of 300 l. After incubating for 12 h at 4°C, the Ab beads were washed three times with 400 l of IP buffer, and then the bound proteins were eluted twice with 20 l of 0.1 glycine-HCl (pH 2.5), separated by SDS͞PAGE, and monitored by immunoblotting.
Immunohistochemistry. Embryos were permeabilized by freezecracking and fixed first in methanol (95%) and then in acetone for 5 min each at Ϫ20°C. Embryos were rehydrated in a 75%, 50%, and 25% methanol series (3 min at each step) and then washed in PBS three times for 10 min each. The blocking reaction was carried out in 5% goat serum for 3-5 h at room temperature. Anti-CeMed10͞CeNut2 Abs (1:50), anti-CeMed6 Abs (1:50), and anti-CTD Abs (8WG16; 1:500) were added, and the embryos were incubated with the Abs overnight at 4°C. After washing in PBS three times each for 10 min, secondary Abs conjugated with rhodamine or FITC were added according to the manufacturer's instructions. Double-Stranded RNAi Assay and Microscopy. Standard microinjection procedures (32) were carried out. For the double-stranded RNA interference (dsRNAi), we injected either 20 or 200 g͞ml dsRNA corresponding to either CeMED6, CeMED7, or CeMED10͞CeNut2 into wild-type N2 nematodes and͞or four transgenic nematode lines that contained one of the following reporter genes: ceh-13::GFP, nhr-2::GFP, sur-5::GFP, or rps-5::GFP. As a control, we also injected CeTFIIB dsRNA (100 g͞ml) into the above transgenic nematode lines. In most experiments, the eggs were collected at intervals of 12 h, and their phenotypes were observed separately. Embryos were mounted on agar pads, and their phenotypes were observed with an Axioplan microscope (Zeiss).
Results and Discussion
The C. elegans Genome Has Genes Homologous to Several, But Not All, of the Yeast Mediator Component Genes. To take advantage of the efficient gene knockout system of C. elegans for our developmental analysis of putative Mediator genes, we searched the C. elegans genome database for Mediator homologs. In addition to the CeMED6, CeMED10͞CeNUT2, and CeRGR1 reported previously (28, 33, 34) , we identified gene sequences YK166F10 and C24H11 as CeMED7 and CeSRB7, respectively (Fig. 1) . CeMed7 (253 aa) is 16% identical to yeast (y) Med7 and 26% identical to human (h) Med7 throughout the entire ORF, whereas CeSrb7 (137 aa) showed only an 11% and 28% identity to ySrb7 and hSrb7, respectively. We were unable to identify sequences ho-mologous to the rest of the yeast Mediator proteins in the C. elegans database. Therefore, homologs for yMed6, yMed7, yMed10͞Nut2, ySrb7, and yRgr1 may constitute the key Mediator components that are evolutionarily conserved from yeast to human.
C. elegans Mediator Homologs Are Present in Multiprotein Complexes.
To examine whether the C. elegans Mediator homologs associate to form a complex as do their yeast counterparts, C. elegans embryo nuclear extract was immunoprecipitated with CeMed6 Ab and analyzed by immunoblotting. Affinity-purified CeMed6 Ab precipitated all of the CeMed6 protein from the extract, but contrary to our expectations, CeMed7 and CeSrb7 were not coprecipitated with CeMed6 ( Fig. 2A) . When we immunoprecipitated the nuclear extract with CeSrb7 Ab, CeMed7 coprecipitated with CeSrb7, but CeMed6 remained in the supernatant (Fig. 2 A) .
To rule out the possibility that the Abs used for the immunoprecipitation caused CeMed6 to dissociate from the other Mediator homologs, we examined whether CeMed6 is separable from CeSrb7 during a column fractionation of the embryo nuclear extracts. When we fractionated the extract with heparinSepharose chromatography, CeMed6 was eluted with 0.3 M potassium acetate (H3 fraction), whereas all of the other C. elegans Mediator homologs tested (CeSrb7, CeMed7, and CeMed10͞CeNut2) coeluted at the higher salt concentration (0.6 M potassium acetate, H6) (Fig. 2B) . When the H6 fraction was immunoprecipitated with anti-CeMed7 Ab, all of the CeMed7, CeSrb7, and CeMed10͞CeNut2 coprecipitated with pol II (Fig. 2C) . Similarly, all of the CeMed6 in the H3 fraction also was coimmunoprecipitated with pol II by anti-CeMed6 Ab. These results suggest that all of the C. elegans Mediator homologs are associated with pol II-interacting complexes. However, unlike in yeast, CeMed6 does not appear to form a stable complex with the other three C. elegans Mediator homologs tested.
To estimate the apparent size of the CeMed6-and CeSrb7-containing complexes, C. elegans nuclear extract was analyzed by Superose-6 gel-filtration chromatography. Both CeMed6 and CeSrb7 migrated together with pol II at a molecular size of 1.5 MDa (Fig. 2D) . This result suggests that either two distinct complexes, each of which contains either CeMed6 or CeSrb7, or a complex that contains both of the Mediator homologs has a size comparable to the Mediator complexes of other species. In either case, the fact that multiple Mediator homologs reside in a large pol II-interacting complex strongly suggests that these C. elegans Mediator homologs are true functional homologs of the corresponding yeast and human Mediator proteins.
That CeMed6 was separated from the other Mediator homologs in the immunoprecipitation and column fractionation experiments is intriguing considering that the yeast Mediator is composed of two tightly associated subcomplexes (20) . The yeast Rgr1 subcomplex is composed of yMed7, yMed10, ySrb7, and other positive and negative regulators of transcription, whereas the ySrb4 subcomplex contains yMed6 and other dominant Srb proteins that interact with the carboxyl-terminal domain of pol II (20) . Therefore, the above results indicate that C. elegans Mediator may have a similar modular structure in which the CeMed6-and CeSrb7-containing subcomplexes are less tightly associated than are the comparable yeast Mediator subcomplexes. Identification of other C. elegans Mediator components would be needed to address this issue.
The CeMed6 and CeSrb7 Mediator Complexes Are Ubiquitously Expressed in the Nuclei. The biochemical separation of the C. elegans Mediator homologs suggests that these homologs may be required differentially during C. elegans development. However, immunohistochemical analysis of CeMed6 and CeMed10͞ CeNut2 in C. elegans embryos produced almost identical nucleistaining patterns (Fig. 3 A-C) . Both CeMed6 and CeMed10͞ CeNut2 proteins were expressed in the nuclei of all tissues examined throughout development. CeMed6 and CeMed10͞ CeNut2 proteins were found throughout the nucleoplasms, but appeared to be more densely localized in the periphery of the nuclei. When nuclei were double-stained with CeMed6 and pol II Abs, identical localization patterns for the two proteins were observed in all cells (Fig. 3 D-F) . Because the distinct molecular functions of both yeast Mediator subcomplexes (the yMed6-and yMed10͞Nut2-containing subcomplexes) are required together for transcriptional regulation (34) , the colocalization pattern of the CeMed6 and CeMed10͞CeNut2 proteins may suggest that both protein complexes work together in association with pol II to regulate transcription in most C. elegans cells.
Mediator Homologs Are Essential for C. elegans Embryonic Development.
To assess the biological functions of the C. elegans Mediator gene products, we examined the mutant phenotypes of the Mediator homologs induced by dsRNAi (35) . The dsRNAs corresponding to the coding sequences of CeMED6, CeMED7, and CeMED10͞CeNUT2 were injected separately into the gonads of wild-type N2 nematodes at either high (200 ng͞l) or low (20 ng͞l) concentrations. When a high concentration of the dsRNAs was used, most of the progeny of the injected animals died at the embryonic stage (95-98% lethality) with an abnormally organized body pattern (Fig. 4) . The embryos appeared to develop normally until the 300-cell stage (Fig. 4 A-E) . However, in the following stages, the embryos developed abnormally, such that no apparent comma stages were discernible (Fig. 4F) . The structures of the gut granules and pharynx were developed, but were not properly organized within the embryo (Fig. 4G) . P granule staining showed that P granule formation and germ cell migration was not affected significantly (data not shown). A few hours later, the embryo began to disintegrate and died (Fig. 4H) . When RNAi analyses were performed with low concentrations of either CeMED6, CeMED7, or CeMED10͞CeNUT2 dsRNAs, a large percentage of the embryos developed to adulthood (62-94% for the embryos collected 0-12 h after dsRNA injection), but were sterile (Table 1 ). This result suggests that all of the Mediator genes we tested are required for germ-line development in adults as well as for embryogenesis.
Despite the lack of apparent physical interaction between CeMed6 and the rest of the Mediator homologs, the fact that all three Mediator homologs are required for the same developmental processes in C. elegans once again suggests that both CeMed6-and CeSrb7 (and CeMed7)-containing complexes may work together for certain transcriptional activation. This regulatory mechanism in higher eukaryotes may increase the diversity of transcriptional regulation by using multiple Mediator protein modules and͞or isoforms to build an intricate, multi- functional coactivator complex. Although we have identified only two forms of Mediator homolog-containing complexes, which appear to work together in C. elegans, additional Mediator isoforms may be present and functional during discreet developmental windows. In fact, a number of Mediator complexes [NAT (23) , SMCC͞TRAP (22) , ARC (27) , and CRSP (28) elegans genes induced during embryogenesis. The C. elegans genes ceh-13 and nhr-2 contain promoters that are activated very early in embryogenesis, and their developmental stage-specific expression is important for embryonic development (36, 37) . We analyzed the direct effects of Mediator RNAi on transcriptional activation of these genes by using transgenic nematode lines in which a green fluorescent protein (GFP) gene under the control of the ceh-13 or nhr-2 promoter (ceh-13::GFP or nhr-2::GFP) was integrated into the worm genome.
The embryos of ceh-13::GFP-containing animals injected with buffer alone emitted strong fluorescence signals in a number of nuclei at early embryonic stages (Fig. 5) . However, when either CeMED6, CeMED7, or CeMED10͞CeNUT2 dsRNAs were injected into the ceh-13::GFP-containing animals, the fluorescence signals were absent from their progeny at the same developmental stages (Fig. 5) . Similar RNAi analyses with the nhr-2::GFP transgenic animals yielded results that were identical to those obtained with the ceh-13::GFP-containing animals (data not shown). Because the morphological defects of the RNAi mutants were not detectable until the comma stage of development, the lack of GFP expression in early-stage embryos did not result from reduced viability of the injected animals. Therefore, C. elegans Mediator genes are required for the transcriptional activation of developmental stage-specific inducible promoters from the ceh-13 and nhr-2 genes.
To examine whether Mediator complexes are also required for the transcription of constitutively expressed genes, we performed a similar experiment with two transgenic nematode lines containing GFP constructs under the control of ubiquitously expressed promoters from the sur-5 and rps-5 genes (ref. 38 ; A. Fire, personal communication). Because the transgenic nematode lines containing either the sur-5::GFP or rps-5::GFP fusion genes were not integration lines, only Ϸ57% (n ϭ 218) and 39% (n ϭ 49), respectively, of the embryos injected with buffer expressed GFP. Therefore, we measured the effect of RNAi on (i) the GFP fluorescence intensity in the embryos and (ii) the percentage of the cells expressing GFP. In contrast to the effect of RNAi on the expression of inducible gene promoters, injection of CeMED6, CeMED7, or CeMED10͞CeNUT2 dsRNAs did not affect the intensity of the GFP fluorescence signals from the progeny (Fig. 5) or the percentage of embryos expressing GFP (45-57% for sur-5::GFP and 34-38% for rps-5::GFP). Therefore, CeMed6, CeMed7, and CeMed10͞CeNut2 are required for the expression of developmentally regulated genes, but are dispens- N, total number of embryos examined. *dsRNA (20 g/ml) was injected into gonads of N2 wild-type nematodes. † Embryo collection period after injection of dsRNA.
able for expression of the ubiquitously expressed genes tested in this study.
The gene-specific functions of the C. elegans Mediator homologs were confirmed further by the general requirement of CeTFIIB for the expression of both developmentally regulated and constitutively expressed genes. When CeTFIIB dsRNA was injected into ceh-13::GFP animals, none of their progeny showed GFP expression (0 of 55 examined) (Fig. 5) . Similarly, only 3% of the progenies expressed a strong GFP signal when CeTFIIB dsRNA was injected into rps-5::GFP animals (3 of 89 examined; Fig. 5 ). In addition, more than 95% of the embryos obtained from animals injected with CeTFIIB dsRNA died earlier than the lethal stage caused by RNAi of Mediator homologs (data not shown). These results suggest that C. elegans Mediator genes have gene-specific functions, as do their yeast Mediator homologs. The identification of a distinct group of genes regulated by each of the C. elegans Mediator proteins is essential to the understanding of the complex regulatory mechanisms that are operating in developmental stage-specific gene expression.
